It is established that the mechanical properties of hydrogels control the fate of (stem) cells. However, despite its importance, a one-to-one correspondence between gels' stiffness and cell behaviour is still missing from literature. In this work, the viscoelastic properties of Poly(ethylene-glycol) (PEG)-based hydrogels -broadly used in 3D cell cultures and whose mechanical properties can be tuned to resemble those of different biological tissues -are investigated by means of rheological measurements performed at different length scales. When compared with literature values, the outcomes of this work reveal that conventional bulk rheology measurements may overestimate the stiffness of hydrogels by up to an order of magnitude. It is demonstrated that this apparent stiffening is caused by an induced 'tensional state' of the gel network, due to the application of a compressional normal force during measurements. Moreover, it is shown that the actual stiffness of the hydrogels is instead accurately determined by means of passive-video-particletracking (PVPT) microrheology measurements, which are inherently performed at cells length scales and in absence of any externally applied force. These results underpin a methodology for measuring the linear viscoelastic properties of hydrogels that are representative of the mechanical constraints felt by cells in 3D hydrogel cultures.
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Over the past two decades, a strong link has been established between the biophysical (i.e., mechanical) properties of cell-culture substrates and cell fate. [1] [2] [3] [4] [5] Nonetheless, despite its importance, a one-to-one correspondence between gels' stiffness and cell behaviour remains still undetermined. Hydrogels have become the most popular materials to study such relationship because of their inherent simplicity in terms of constituents and preparation, allowing a fine control of their chemical and physical properties, including to mention but a few stiffness, porosity and degradability. Hydrogels may be broadly classified into naturally or synthetically derived materials; e.g., based on either proteins and polysaccharides (such as collagen and alginate) or PEG, respectively. Naturally occurring polymers show a high degree of biocompatibility, with some of them being themselves constituents of the extracellular matrix (ECM); whereas, synthetic polymers offer the advantage of being rationally designed based on well defined structural units (i.e., monomers), allowing an accurate control of their biophysical properties. Indeed, their inherent versatility has led to a conceptual shift in their design, from a simple requirement of biocompatibility to the development of bioactive materials capable to interact dynamically with their environment and to orchestrate cellular functionality such as adhesion, differentiation, proliferation and viability. [3, [6] [7] [8] A strategy to achieve this has been the incorporation of bioactive molecules such as fibronectin and laminin (LM) within the hydrogel network for mimicking the natural cellular microenvironment (where growth factors are bound to the ECM via glycosaminoglycans and other structural properties) and enhancing the hydrogel effectiveness when presented to the site of an injured tissue. [9] Despite their successful applications in tissue engineering and regenerative medicine, it remains still difficult to draw a line between the synergistic effects of hydrogels' biochemical and biophysical properties on cell behaviour; leaving undetermined the relationships between cell fate and the stiffness of their microenvironment. Nonetheless, it is known that cells interact mechanically with their environment in a bidirectional way; i.e., they are able either to exert forces or to perceive them from their surrounding. [10] Moreover, while the exact molecular pathways governing this interplay remain undetermined, the exchange of forces between intraand extracellular environments is known to occur via focal adhesion complexes, which are large macromolecular assemblies, often of several square micrometres in area. Therefore, cells are able to 'pull' their surrounding environment, probing its elasticity, via forces that are generated within the cells by means of the well-known acto-myosin interactions. Similarly, cells can 'sense' forces applied to them by means of the same biotransducers, which in response activate intracellular processes. [10] [11] [12] In this regard, hydrogels have been often used to investigate cell behaviour as a function of gels' stiffness, [13] [14] [15] [16] [17] with most of the works developed on 2D substrates, [1] and only recently in 3D hydrogels that better resemble the natural environment of the ECM. [3, 18] These studies have shown a variety of cells' responses as function of gels' stiffness with variations in morphology, [3, 19] spreading, [13, 20, 21] and fate. [3, [22] [23] [24] Moreover, it has been shown that stem cell differentiation is strongly governed by the mechanical properties of the surrounding environment more than any other biochemical factor. [25, 26] Nonetheless, there is no consensus on a one-to-one correspondence between absolute values of gels' stiffness and cell behaviour, and a clear relationship is still missing in literature. In this study a strong experimental evidence revealing the major cause of such lack of information is provided. In particular, here the mechanical properties of a series of PEG hydrogels (functionalized with LM) have been investigated by means of both (i) bulk rheology measurements performed under different 'normal force' conditions and (ii) PVPT microrheology measurements inherently performed at zero normal force. When compared with literature values, the outcomes of this work reveal that conventional bulk rheology measurements may overestimate hydrogels' stiffness by up to an order of magnitude. This is because of an induced 'tensional state' of the gel network, due to the application of a compressional normal force during the sample loading procedure. Notably, by varying the applied normal force it is actually possible to reproduce existing values of the shear elastic modulus of similar PEG-based hydrogels reported in literature. Moreover, these findings have been further corroborated by a direct comparison with PVPT microrheology measurements, which show a good agreement with bulk rheology for measurements performed at relatively low normal forces.
In order to build up experimental evidences, measurements were performed on both degradable and non-degradable PEG hydrogels at PEG concentrations ranging from 3.5 % to 15 % w/v; which results in a range of mechanical properties that recapitulate those of a broad variety of tissues. [3, 13, [19] [20] [21] [22] [23] [24] Degradable hydrogels were obtained by incorporating the proteasecleavable peptide crosslinker GCRDVPMSMRGGDRCG (VPM); whereas, non-degradable hydrogels were obtained by incorporating the linear crosslinker PEG-dithiol (HS-PEG-SH) (see SI for details). PEG hydrogels have been extensively used in literature because of their hydrophilicity, biocompatibility and tunable mechanical properties. [27] Moreover, PEG can be easily modified with biofunctional moieties, allowing the incorporation of ECM proteins such as LMs. [28] [29] [30] [31] [32] . The latter are high-molecular weight (400 to 900 kDa) heterotrimeric ECM glycoproteins (composed by α, β and γ sub-units, specific to each LM isomer and arranged in a cross-like configuration) present in the basal lamina (or basement membrane) of most tissues.
They are known to influence numerous cellular processes such as adhesion, differentiation, migration and survival via integrin mediated interactions; [33] [34] [35] thus, their potential to accelerate the healing process in the presence of tissue defects and our interest in gathering a full picture of the mechanical properties of PEG-based hydrogels for future tissue engineering applications.
The rheological properties of PEG hydrogels were investigated by means of strain (γ) sweep tests, with γ ranging from 0.01 % to 1 % at an angular frequency (ω) of 10 rads −1 (see SI). A stress controlled rheometer was equipped with a parallel plate of 15 mm in diameter. Measurements of the gels' shear elastic modulus (G ) were performed by gradually varying the normal force applied to the samples, starting from a minimum value of circa 0.01 N, as shown in Figure 1. From the latter it is clear that the mechanical properties of PEG-based hydrogels are strongly affected by the presence of a normal force, which induces a variation of G by up to an order of magnitude. Interestingly, when compared to literature values of similar hydrogels, [29] [30] [31] [32] it is possible to argue that discrepancies between previous works could be simply ascribed to the presence of a normal force applied to the sample during the investigation. Interestingly, of the above cited works only Francisco et al. [31] mentioned that the measurements were performed under a compressive tare load of circa 0.01-0.02 N; similar to the lower limit of applied normal force in this work.
The increase of the shear elastic modulus as a function of the normal force is shown by all the PEG systems investigated in this work, both degradable and non-degradable systems and regardless of the functionalization with LM as reported in Figure 2 . The hypothesis is that such increase of G is due to a three-dimensional deformation of the polymeric network that results into a 'strain-stiffening' phenomenon. [36] Moreover, from Figure 2 it is interesting to notice that such phenomenon becomes more significant as the concentration of the PEG hydrogels increases; this being inline with the increase of the number of crosslinks within the network, which promotes the stress propagation throughout the gel. [37] To demonstrate such hypothesis and to rule out the contribution of other possible causes that may induce a strainstiffening of the system, such as the loss of water because of the compression of the hydrogels, the same tests were performed on a dry, highly dense porous polymeric material (i.e., a synthetic sponge) having a diameter of 17.2 mm and thickness 3 mm (similar to the PEG samples) and by using two different parallel-plates having diameters of 15 mm and 25 mm, respectively, to investigate boundary effects. The results are reported in Figure S1 and they show a strainstiffening behaviour as for the highly hydrated gels. Moreover, in order to test the general validity of the hypothesis, similar tests were performed on a Polyacrylamide hydrogel and a Polydimethylsiloxane rubber ( Figure S2 ), which have both shown a similar behaviour. [38, 39] Further, the same methodology has been employed to shed some light on a long-standing dispute over the effects of the addition of LM to PEG hydrogels. [29] [30] [31] [32] In particular, from It is now possible to draw some preliminary conclusions based on the experimental evidences reported in both Figure 1 and 2, but also on those reported by a multitude of works aimed at finding a yet unknown bijective correspondence between gels' stiffness and cell behaviour, and from which a simple question arises: what caging force cells actually feel in 3D hydrogels? A possible answer to this long-standing dilemma may come from PVPT measurements, which it is reiterated are performed at the same length scales of cells and they are thermally driven, i.e., they do not require the use of any externally applied force to induce a sample deformation. In brief, the underlying principles of PVPT microrheology are based on the statistical mechanics analysis of the thermal fluctuations of micro-spheres embedded into the complex material under investigation, as shown in Figure 3 (A-B) (and described in the SI). At thermal equilibrium, PVPT microrheology measurements have the potential of revealing the frequency-dependent linear mechanical properties of the surrounding media; which, in the case of solid-like materials (like gels), they can be narrowed down to a single component defined by the (almost) frequencyindependent shear elastic modulus G . [40] [41] [42] In Figure 3 (C-H) are compared the results obtained from PVPT microrheology and bulk rheology measurements, with the latter performed under different loadings of normal force. Notice that, only relatively soft hydrogels were tested, namely those at PEG concentrations of 3.5 and 5 % w/v, as stiffer hydrogels would dampe the thermal fluctuations of the probe particle below the detector spatial resolution. Nonetheless, the six comparisons reported in Figure 3 reveal the important information that cultured cells may actually feel a much lower constraining force than generally thought; with an actual value of the gel stiffness either determined by means of PVPT microrheology measurements or estimated via bulk rheology measurements performed with relatively low applied normal forces, as summarized in Table 1 . The relatively small discrepancy between the two methods can be ascribed to the resolution of the transducer used for the detection of the normal force in bulk rheology measurements, namely 0.005 N in this study.
To conclude, it is possible to argue that the multi-scale rheological characterization of PEG hydrogels presented in this work provides a possible justification for the yet undetermined one-to-one correlation between the stiffness of cell culture gels and cell fate. Indeed, the experimental evidences provided in this work reveal that conventional bulk rheology measurements commonly overestimate the mechanical properties of hydrogels by up to an order of magnitude; [43] therefore hindering the construction of such yearned bijective relationship. It is demonstrated that this is due to an induced tensional-state within the gel network due to the application of a compressional normal force during sample loading; a phenomenon itself of particular importance when considering implantation of hydrogels in vivo, as most tissues exist in a pre-stressed state. Moreover, a direct comparison with passive microrheology measurements not only confirms the findings reported in this work, but uncovers a new strategy for the mechanical characterization of biomaterials for biomimetic culture platforms aimed at reproducing in vitro tissue-realistic cell behaviour. (C-H) Comparison between the shear elastic modulus, G , probed via bulk rheology measurements performed at different applied normal forces, with the shear elastic modulus, G 0 , obtained via PVPT microrheology for the hydrogels listed in Table 1 .
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Materials and Methods
Hydrogel Synthesis. PEG-based hydrogels were synthetized via a two-step procedure. were mixed to the previous solution (ratio of Ac:SH= 2 : 1). The solution was injected into custom Polydimethylsiloxane molds (diameter 17.2 mm and thickness 2 mm for bulk rheology measurements and diameter 6 mm and thickness 2 mm for microrheology tests) specifically designed and optimized for the mechanical characterization of the material. The gelation was carried out via photopolymerization under UV light for 5 min at 5 mWcm −2 (OmniCure Series 1500, Excelitas Technologies Ltd). The same procedure was repeated for the production of degradable hydrogels, but using 4-Ac-PEG (MW = 10 kDa, Laysan Bio, Inc.) and VPM (MW = 1.7 kDa, GenScript) (ratio of Ac:VPM= 2 : 1). For PEG-ONLY gels, LM521 was replaced by PBS. Note that, a solution of Polystyrene (PSS) particles (1 µlml −1 , particle radius = 0.77 µm, 2.5 µl per gel) was added to the gels prepared for microrheology measurements.
Gels were left in PBS until complete swelling was achieved. The hydrogel synthesis process is shown schematically in Figure S3 .
Bulk Rheology. Rheological measurements were carried out by using a stress-controlled rheometer (MCR302, Anton Paar) equipped with a parallel plate geometry, with upper plate diameter of 15 mm, at a temperature of 23 o C. Strain sweeps in the range of 0.01 % to 1 % and angular frequency of 10 rads −1 were performed to determine the viscoelastic moduli of the material. A series of strain sweep tests were performed for each sample at different normal forces. Samples' hydration was maintained by addition of PBS at the exposed sides of the specimens. The following PEG-based gels were tested:
• non-degradable PEG-ONLY hydrogels at concentrations of 3.5, 5, 8.5, 10, 12 and 15% w/v;
• non-degradable PEG-LM hydrogels at concentrations of 3.5, 5, 8.5, 10, 12 and 15% w/v;
• degradable PEG-LM hydrogels at concentrations of 3.5, 5, 8.5, 10, 12 and 15% w/v.
In addition, bulk rheological tests were performed on a 10% w/v Polyacrylamide hydrogel prepared by following the protocol described by Tse and Engler, [38] a Polydimethylsiloxane rubber (10 : 1), [39] and a dry synthetic porous material (i.e., a sponge). The sponge had diameter of 17.2 mm and thickness of 3 mm (i.e. dimensions similar to the hydrogel samples), and was tested by using both a 15 mm and a 25 mm upper parallel plates, performing strain sweeps in the range of 0.01 % to 0.1 % and angular frequency of 10 rads −1 .
Microrheology. Measurements were performed by using a passive video particle tracking method. The apparatus comprised of an inverted microscope, with an objective lens (100X, images of a reduced field of view. Images were processed in real time at ≈ 4 KHz using a custom made LabVIEW (National Instruments) particle tracking software. [44] All measurements were carried out at a constant temperature of 23 o C ± 1 o C. Only the softer gels (i.e., 3.5 and 5%
w/v) were tested. Stiffer gels were hindering the detection of the thermal fluctuations of the entrapped beads. The following gels were tested:
• non-degradable PEG-ONLY hydrogels at concentrations of 3.5 and 5% w/v;
• non-degradable PEG-LM hydrogels at concentrations of 3.5 and 5% w/v;
• degradable PEG-LM hydrogels at concentrations of 3.5 and 5% w/v. Theoretical Background of Microrheology. When a micron-sized spherical particle is suspended into a viscoelastic fluid at thermal equilibrium, it experiences random forces leading to its Brownian motion, which is driven by the thermal fluctuations of the fluid's molecules. It has been shown that the statistical mechanic analysis of the bead trajectory r(t) ∀ t can be directly related to the linear viscoelastic properties of the surrounding environment by solving a generalized Langevin Equation: [42, 45] 
where m is the mass of the particle, a(t) is its acceleration, v(t) its velocity and f R (t) is the Gaussian white noise term, describing stochastic thermal forces acting on the particle. The integral term represents the viscous damping by the fluid, originating in response to the random motion of the particle due to the thermal fluctuations of the surrounding molecules, where ζ(t)
is the generalized time-dependent memory function. Assuming that the Laplace transform of the bulk viscosity of the fluidη(s) is proportional to the microscopic memory function,
where a is the bead radius, one can obtain the solution to Equation 1 in terms of the particle's mean square displacement (MSD):
where k B is the Boltzmann's constant, T is the absolute temperature and ∆r 2 (ω) is the Fourier transform of the MSD, which can be expressed as:
The average ... is taken over all initial times t and all particles, if more than one is observed.
Moreover, it has been shown that there exists a link between microrheology and bulk rheology measurements. [42, 45] This is obtained by retrieving the constitutive equation between the material's shear relaxation modulus G(t) and its shear compliance J(t):
where J(t) is defined as the ratio of the time-dependent shear strain γ(t) to the magnitude of a step shear stress applied at t = 0:
Moreover, given that the shear complex modulus G * (ω) is defined as the Fourier transform of the time derivative of G(t), by taking the Fourier transform of Equation 5, one obtains:
whereĜ(ω) andĴ(ω) are the Fourier transforms of G(t) and J(t), respectively.
Finally, given that the Fourier transform is a linear operator, by equating Equations 3 and 7, one obtains: perimental data is adopted, and the MSD of the random motion of the entrapped microsphere can be recorded with high spatial and temporal resolution. [42] When a particle is embedded into a viscoelastic solid, its diffusion is highly hindered and the viscous (damping) contribution to the thermal fluctuations are significantly lower that the constraining elastic force exerted onto the particle by the gel network; therefore, the creep compliance becomes in good approximation inversely proportional to the shear elastic modulus: [37] J(t) ∼ = 1 G (t)
.
Moreover, in the limit of purely elastic materials, it has been shown that: [40] ∆r 2 (τ ) ∼ = r 2 ,
Consequently, implementing the conditions expressed in Equations 9 and 10 into Equation 8 , one can write:
from which the elastic shear modulus can be easily calculated knowing the radius of the bead and the variance r 2 of its trajectory. Figure S1 . The shear elastic modulus (G ) versus the normal force measured via bulk rheology for a dry, highly dense porous polymeric material (i.e., a synthetic sponge). 
